Rbum6. -On Btudie un modkle simple pour la transition metal-non metal dans le systkme EuO avec un excks de Eu. Des Btats-pikges associBs avec des lacunes de 0 sont les Btats donneurs. La transition est causBe par le champ d'khange crB6 par I'ordre magnktique de longue portee. Les rksultats sont en bon accord avec les rksultats expkrimentaux pour des valeurs des parametres du modkle valables pour EuO.
states associated with the 0 vacancies act as donor states. The transition is driven by the exchange field generated by the long range magnetic order. We obtain results which are in fair agreement with the experimental results for values of the parameters of the model appropriate for EuO.
1. Introduction. -The problem of electronic transport in magnetic semi-conductors has been extensively studied, both experimentally and theoretically [I-101. Of the magnetic semiconductors, the Eu-chalcogenides family has received considerable attention [ll] . The interest in such systems arises mainly because of the presence of the strong exchange interaction between the charge carriers and the localized magnetic moments. However, these compounds are usually difficult to grow stoichiometrically [12] , so that, even in their nominally pure form, a considerable number of defects, such as metal or chalcogen vacancies, are present. In this respect the phenomenon of electronic transport in such compounds presents some of the problems usually associated with disordered systems [13] .
In this work, we focus our attention on the EuO system, although some of our considerations and results may be extended to other similar compounds. In its pure and stoichiometric form EuO is a magnetic semiconductor with a ferromagnetic Curie temperature of T, = 69 K. The crystal has the rocksalt structure, which is a strong indication of its ionic character. Indeed, we expect to find the Eu ions in a Eu2+ valence state, and the 0 ions in a 0'-valence state. The ionic configuration of Eu is then [Xe] (4 f)7, where [Xe] indicates a Xe closed shells core. The 4 f electrons form, within' the Russel-Saunders coupling and according to Hund's rules, an orbitally nondegenerate (L = 0), high spin ( S = 712) ground state multiplet. The total angular momentum of the ground state is J = 712. This result, coupled with the rather large intra-atomic exchange interactions (I,, = 2.6 x low2 eV, I,, = 1.4 x 10V2 eV, I,, = 9.8 x eV) [6] is responsible for the strong magnetic order dependence of the electronic transport properties.
Since the 4 f electrons are highly localized and the remaining electronic shells, both in Eu and 0, are completely filled, pure stoichiometric EuO would be an insulator with a band gap corresponding to the optical absorption'gap (--1.5 eV) [ll] . Due to the presence of impurities and defects, nominally stoichiometric EuO is a semiconductor with a room temperature conductivity of the order of 10-8(Cl-cm)-1, with activation energies in the range of 0.45-0.7 eV. As the temperature decreases, the conductivity decreases rapidly. In non-stoichiometric samples (Eu,+,O) containing an excess of metallic ions the situation changes completely. The conductivity at room temperature increases as the excess of metallic ions is increased. We may distinguish three different regions. For x R 0.4 % the conductivity becomes essentially metallic For x 5 0.4 % the conductivity remains thermally activated down to about T,. Below T,, the conductivity changes dramatically. If x > x, --0.3 %, it may change by as much as 13 orders of magnitude, as the temperature decreases to about 50 K, becoming metallic at lower temperatures. If x < x,, the conductivity, after an initial rise, with decreasing temperature, falls down again and the 'system becomes an insulator at T = 0 K [12] .
These results give rise to two problems of great interest. First, the problem of the origin and temperature dependence of the number of charge carriers. Second, the problem of the calculation of the mobility of these carriers, which should reflect both the vertical and the lateral disorder [14] . In a magnetic semiconductor, the former is temperature dependent, since a charge carrier, through the exchange interaction, sees the localized magnetic moments which are per-fectly ordered only at T = 0 K. This vertical disorder is also a largely dynamic effect and may lead, for instance, to the phenomenon of selfitrapping [5] . The lateral disorder, on the other hand, is a temperature independent, static effect (ignoring diffusion of the defects), caused by the spatlally random distribution of defects. Both these effects play an important role in the determination of the mobility of the charge carriers.
In the present communication we are mainly interested in the first of the problems mentioned above. In the next section we discuss briefly the problem of 0 vacancies in Eu,+,O. In section 3 we present a simple thermodynamic model which is able to reproduce the concentration and temperature dependence of the metal-insulator transition observed in the EuO system. Finally, in section 4 we present our conclusions. If we consider an octahedral cluster of Eu2+ ions, with the central 0'-ion removed, and assume that the vacancy states are derived primarily from the 5 d(t,,) orbitals of the Eu ions, we can use simple group theoretical arguments to build up a set of single particle LCAO states. We find that the lowest lying states have symmetry A,, (non-degenerate) and T,, (triply degenerate). Their energy separation is where (ddo), (ddn) and (dd6) are the usual SlaterKoster parameters [15] . Using and (ddo) < 0, (ddn) > 0, (dd6) < 0 we see from the expression above that, quite likely, AE is a small number. Naturally, if AE > 0 we expect to have a Jahn-Teller type of distortion of the cluster 1161. The important point to notice is that there are low lying degenerate excited states near the ground state of the single particle manifold. With two trapped electrons, taking two electron interactions into account, the ground state of the vacancy is a triplet, in agreement with the bound polaron model of Torrance et al. [3] .
Oxygen vacancies in
In the preceeding argument we have neglected the exchange interaction. Its effect is to lower the energy of the ferromagnetically polarized cluster with respect to that of the unpolarized cluster. The increase in the susceptibility of the samples of Eu,+,O, as the number of vacancies increases, is good evidence that the 'clusters are, indeed, 'polarized, and that the ground states is a triplet [3] . This should make the energies of the trapped electrons relatively insensitive to the degree of long range magnetic order (LRMO).
3. Thermodynamic model. -Since our model is described in detail in a recent publication [17] we present here only a brief summary of its basic ideas and results.
The most important effect in the metal-insulator transition in Eu-rich EuO is the large change in carrier concentration below the critical temperature for onset of LRMO. In our model, we calculate the thermal average of the number of electrons in the conduction band, but only include mobility effects in a rather crude way. The trap states associated with the 0 vacancies act as donor states, the energy of which is independent of the LRMO. The transition is visualized as the promotion of electrons, localized around the 0 vacancies, to the conduction band. The driving mechanism is the exchange field created by the 4 f electrons of the Eu ions. The calculation is based on the minimization of the free energy of the system with respect to the magnetization and the number of carriers.
The internal energy is written as :
In (2), N is the number of cells in the crystal, the first term is the mean field magnetic energy (the magnetization M is normalized so that 0 < M < I), and the second term is the electronic energy. The density of conduction band states, per spin direction, is P,(E) and f ( E ) is the thermal occupation probability of the electronic levels.
The density of states is given by where pO(c) is the paramagnetic density of states, and I is the mean field exchange energy constant, for the interaction between the conduction band electrons and the localized moments. The entropy is given by :
In (4), s , is the magnetic entropy per magnetic ion and x is the fraction of 0 vacancies in the sample (Nv/N). The average number of singly ionized 0 vacancies is given by Nv n (0 < n < 1). Assuming a number NA = Nn, of acceptor impurities, conservation of the number of electrons allows us to write :
The acceptor impurities are assumed to be sufficiently far below the conduction band so that they do not contribute to the thermodynamics of the problem.
Minimization of the free energy :
with respect to M and n, subject to the constraint (5) at a fixed temperature T, yields the thermal equilibrium values of these quantities at temperature T. Since Eu-rich EuO is a disordered system 1181 the bottom of the conduction band has a tail of localized states. For computational convenience we choose the density of states : conduction band are localized it follows that the system is insulating at T = 0 K if the Fermi level falls below the mobility edge. If the Fermi level falls above it, at T = 0 K, the system is metallic.
The values of the relevant parameters are chosen having in view the experimental information available :
In figure 2 we show the results for the conductivity.
The conductivity at T = 0 K, for x = 0.2 % and This is indicated schematically in figure 1. For the mobility we assume :
where A is the position of the mobility edge in the paramagnetic phase with respect to the energy level of a loosely bound electron trapped at an 0 vacancy. From the assumption that states in the tail of the n, = 0, is fit to the experimental results of references [3] by adjusting the mobility po. We obtain pO = 1.1 x lo2 cm2/V-s, in good agreement with the experimental data ( p , , , -0.7-1.7 x 10' cm2/V-s).
The same value of p0 is used in all curves of figure 2. We can see from this figure that the effect of compensating impurities is small at low temperatures, but very large at high temperatures. The results for x = 0.05 %, n, = 0 and n, = 0.01 % are shown in figure 2b . Since x < x, the system is insulating at T = O K .
4.
Conclusions. -The model presented here, in spite of its simplicity, is in fair agreement with the experimental results. The discrepancy between the theoretical and the experimental results in the paramagnetic phase (Fig. 2a) indicates the necessity of a better treatment of mobility effects. The mobility at room temperature is smaller, by one or two orders of magnitude, than the mobility at T = 0 K. Moreover, in different samples showing the metal-insulator transition, the conductivity at room temperature may vary by as much as two or three orders of magnitude [3] . We have also neglected the effects of short range magnetic order, which cannot be included in 'our mean field approximation.
The present model gives an alternative description of the transition to that of and others [8, 101. The transition is not seen as a many electron effect in the sense of a Mott delocalization. There are some indications, from recent theoretical calculations [9, 101, that this mechanism leads to a rather small temperature range of stability for the insulating phase. Thermopower measurements at low temperatures in the metallic samples might furnish an .important clue on whether conduction takes place in an impurity band or in the conduction bands of the pure material.
. Acknowledgements. - The author would like to acknowledge the collaboration of Mr. Bernardo Laks and Ms. Rejane M. Ribeiro during different phases of this work. The financial support of CNPQ (Brasil) is also gratefully acknowledged.
